Abstract A novel magnetically recoverable, visible light active TiO 2 -WO 3 composite (Fe 3 O 4 @SiO 2 @TiO 2 -WO 3 ) was prepared to enable the photocatalyst recovery after the degradation of bisphenol A (BPA) under simulated solar light. For comparison, the photocatalytic activity of other materials such as non-magnetic TiO 2 -WO 3 , Fe 3 O 4 @SiO 2 @TiO 2 , TiO 2 , and the commercial TiO 2 P25 was also evaluated under the studied experimental conditions. The structure and morphology of the synthesized materials were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HR-TEM), and electron dispersion spectroscopy (EDS). Moreover, BrunauerEmmett-Teller (BET) surface area and magnetic properties of the samples were determined. The Fe 3 O 4 @SiO 2 @TiO 2 -WO 3 and TiO 2 -WO 3 led to a BPA degradation of 17.50 and 27.92 %, respectively, after 2 h of the simulated solar light irradiation. Even though their activity was lower than that of P25, which degraded completely BPA after 1 h, our catalysts were magnetically separable for their further reuse in the treatment. Furthermore, the influence of the water matrix in the photocatalytic activity of the samples was studied in municipal wastewater. Finally, the identification of reaction intermediates was performed and a possible BPA degradation pathway was proposed to provide a better understanding of the degradation process.
Introduction
Contaminants of emerging concern (CECs), including personal care products, pharmaceuticals, disinfectants, pesticides, industrial compounds, fragrances, preservatives, and additives, have attracted increasing attention over the last few years owing to their fate and occurrence in the environment and their adverse ecological and human health effects (Barbosa et al. 2016; Fagan et al. 2016) .
Bisphenol A (BPA), which is a representative CEC, is a synthetic monomer commonly employed in the manufacture of plastics such as polycarbonates or epoxy resins. It is widely used in plastic bottles, food and beverage containers, dental sealants, adhesives, and sheathing of electrical parts (Chiang et al. 2004; Daskalaki et al. 2011) . According to the estimation of the US Environmental Protection Agency (US EPA), over one million pounds of BPA leach into the environment annually and it is frequently found in municipal wastewater treatment plants (WWTPs) (Melcer and Klečka 2011; Rodríguez et al. 2010; Seachrist et al. 2016) . Moreover, BPA is considered an endocrine disrupting compound (EDC) because it may interfere with the endocrine system of several living beings (Sin et al. 2012 ). Since its low biodegradability hinders its removal via biological treatments, an effective treatment for Responsibility Editor: Suresh Pillai BPA is required and new alternatives have to be addressed to protect the health of humans and the ecosystem from the pollutant (Rivero et al. 2014) .
Advanced oxidation processes (AOPs) are technologies based on the generation of strongly reactive oxygen species such as hydroxyl radicals (
• OH) (Dominguez et al. 2015; Rioja et al. 2014) . The application of these methods is a promising alternative for the degradation of different recalcitrant organic contaminants (Fernández-Castro et al. 2015) . Among AOPs, photocatalysis is an attractive technology because it operates at environment temperature and pressure and avoids secondary pollution. Additionally, it has shown positive results in BPA mineralization (Colombo et al. 2012; Dimitroula et al. 2012 ). Due to its photostability, relatively high photocatalytic activity, nontoxicity, and low cost, TiO 2 has been the most widely used photocatalyst so far (Dominguez et al. 2015) . Nevertheless, TiO 2 recovery remains a challenge and limits its application when it is used in powder form (Rashid et al. 2015; Shan et al. 2009 ). Alternatively, TiO 2 immobilization to an inert support has been proposed. However, this approach reduces the amount of catalyst active sites, decreasing the photocatalytic effectiveness of these materials compared to the unsupported photocatalysts (Gaya and Abdullah 2008) . Hence, the development of photocatalysts with properties that facilitate their separation and recovery from treated waters is an interesting scientific and technical challenge; in this field, photocatalysts with magnetically recoverable properties appear advantageous (Gómez-Pastora et al. 2016) . These materials can be easily separated from the reaction media by external magnetic fields, which facilitates their reuse.
Another critical issue is the lack of TiO 2 activity under visible light illumination owing to its large band gap (3.20 eV for anatase) (Bai et al. 2015; Han et al. 2011; Kou et al. 2015) . Thus, several strategies have been adopted to develop effective solar driven TiO 2 photocatalysis for practical applications. One of the most suitable solutions is the incorporation of additional components into the TiO 2 structure. TiO 2 doping with metallic elements, including noble metals such as Au, Pd, and Ag, or post-transition metals like Al, Bi, and Pb, has been reported Daghrir et al. 2013; Han et al. 2014 ). An alternative solution is the use of non-metal elements, being the most employed C, F, and N, or coupling TiO 2 with other semiconductors with narrow band gaps, such as Bi 2 S 3 , WO 3 , and ZnO (Daghrir et al. 2013; Dozzi et al. 2014; Pelaez et al. 2012; Zhang et al. 2012; Zhang et al. 2013 ). Since WO 3 shows a suitable conduction band gap (2.80 eV) for visible light absorption, increasing attention has been paid to the formation of TiO 2 -WO 3 composites (Daghrir et al. 2013; Ramos-Delgado et al. 2013 ). These materials also prevent the fast recombination of the formed electron/holes pairs during the photocatalysis (Daghrir et al. 2013) . Moreover, WO 3 is more acidic than TiO 2 , which enables the adsorption of hydroxyl radicals and organic pollutants in the surface of the photocatalyst (Gao et al. 2006; Prabhu et al. 2014) .
In this paper, magnetically recoverable TiO 2 -WO 3 , visible light active photocatalysts were synthesized and characterized. Their photocatalytic activity on BPA degradation was evaluated under simulated solar radiation and compared to that of P25, a commercial TiO 2 photocatalyst. Two aqueous matrices such as Milli-Q grade water and wastewater from the City of Cincinnati (OH, USA) were used in the evaluation of the photocatalytic removal of BPA. Furthermore, a degradation mechanism was proposed on the grounds of the identified reaction intermediates. A silica (SiO 2 ) layer was coated on the obtained magnetic Fe 3 O 4 cores to prevent their oxidation according to the modified Stöber method by hydrolysis and condensation of tetraethyl orthosilicate (TEOS, Sigma-Aldrich) (Saiz et al. 2013) . Briefly, 1.00 g of cetyl trimethyl ammonium bromide (CTAB, Sigma-Aldrich) and 30 mL of the ferrofluid containing the magnetic Fe 3 O 4 cores were dispersed in a reaction media with Milli-Q grade water and ethanol (94:6, v/v) at 60°C. Then, 5 mL of TEOS were added dropwise to the suspension and the mixture was stirred for 2 h. The obtained precipitate was washed with ethanol, dried at 90°C for 12 h, calcined at 450°C for 18 h, and finally grinded.
Materials and methods

Photocatalyst synthesis
For the synthesis of the external TiO 2 -WO 3 layer, a sol-gel method was used. In this case, 0.50 g of the previously prepared Fe 3 O 4 @SiO 2 nanoparticles were dispersed in 100 mL of isopropanol (GFS Chemicals) at 80°C. Titanium isopropoxide (TTIP, ACROS Organics), as a Ti precursor, and an aqueous solution of ammonium tungstate (SigmaAldrich), as a tungsten precursor, were added dropwise at the same time and then the solution was kept at 80°C for 24 h. Therefore, the reactions of both precursors started at the same time. Several molar ratios of WO 3 to TiO 2 were evaluated and 15.00 % was selected as optimum. Therefore, this molar ratio was used in the TiO 2 -WO 3 photocatalysts tested in the present work. The obtained product was washed with ethanol, dried at 90°C for 12 h, calcined at 450°C for 8 h, and grinded. In the case of the TiO 2 and Fe 3 O 4 @SiO 2 @TiO 2 photocatalysts, Milli-Q grade water was added dropwise at the same time along with TTIP to facilitate its hydrolysis.
Photocatalyst characterization
The crystalline size and phases of the prepared photocatalysts were determined by X-ray diffraction (XRD) with a X'Pert PRO (Philips) with CuKα radiation source (λ = 1.54 Å) operating at 45 kV and 40 mA. The synthesized photocatalyst morphology was characterized with a JSM-6490LV scanning electron microscope (SEM, JEOL) and with a JEM-2010F (JEOL) high-resolution transmission electron microscope (HR-TEM) with a field emission gun at 200 kV. Electron dispersion spectroscopy (EDS) installed in SEM was employed to observe the chemical composition of the samples. The specific surface area of the nanoparticles was calculated by the Brunauer-Emmett-Teller (BET) method from the nitrogen adsorption-desorption isotherm data employing an ASAP 2000 surface area analyzer (Micromeritics). Magnetization measurements were performed on a Quantum Design MPMS (SQUID) magnetometer at 300 K in the magnetic field range of -50 to 50 kOe.
Photocatalytic experiments
The BPA used in this study was purchased from SigmaAldrich. The commercial TiO 2 photocatalyst used was AEROXIDE P25 (Evonik Industries). In this experiment, 100 mL of a 10.00 mg L −1 BPA solution were mixed with 0.50 g L −1 of the photocatalyst and kept for 24 h premixing in the dark to reach adsorption equilibrium. The photocatalyst loading was selected based on preliminary laboratory tests. The reactor was mechanically stirred using a KS 130 stirrer (IKA) in order to ensure uniform mixture and to prevent the photocatalyst settling. The solution was irradiated with a 500 W solar simulator (Xenon lamp 67005, Newport Corporation). At given time intervals, the suspension was sampled and filtered through a 0.20 μm Mini-UniPrep filter (GE Healthcare Life Sciences) prior to analysis. The experiments were carried out in duplicate. BPA concentration was measured by an Agilent Series 1100 high-performance liquid chromatograph (HPLC, Agilent Technologies) with a X Terra MS C18 5 μm (4.60 × 250 mm) analytical column (Waters). The mobile phase used was a mixed solvent of acetonitrile (Fisher Scientific) and Milli-Q grade water (50/50, v/v) with a flow rate of 1 mL min −1
. Identification of reaction intermediates by accurate mass measurement was carried out with an Agilent 1900 liquid chromatograph with an Agilent 6540 quadrupoletime of flight/mass spectrometer (LC-Q-TOF/MS). Nitrogen was used as drying gas at a flow rate of 7 L min −1 at 300°C and as sheath gas with a flow rate of 8 L min −1 at 250°C.
Results and discussion
Photocatalyst characterization
The XRD spectra of the photocatalysts samples are shown in Fig. 1 (110), (004), (200), (105), (211), (204), (220), (215), and (224) (220), (400), (422), (511), and (440) (JCPDS No.
19-0629).
Images of SEM and HR-TEM analyses show the structural properties of synthesized materials (Fig. 2) . As seen in Fig. 2a1 , prepared primary Fe 3 O 4 nanoparticles as cores of magnetic photocatalysts were spherical and their average diameter was 23 nm. Cores with similar size were obtained in literature; for instance, Jing et al. (2013) synthesized Fe 3 O 4 nanoparticles of 17 nm. However, as shown in Fig. 2b1 , the magnetic Fe 3 O 4 cores were aggregated and formed large clusters. When the next layer was added, amorphous SiO 2 covered completely the magnetic Fe 3 O 4 cores, as seen in Fig. 2a2 and b2. After addition of TiO 2 , crystalized nanoparticles on the surface of Fe 3 O 4 @SiO 2 samples were formed, as shown in Fig. 2a3 . The TiO 2 nanoparticles covered the whole area of Fe 3 O 4 @SiO 2 (Fig. 2b3) . Similar nanoparticles are shown in Fig. 2a5 , confirming that TiO 2 nanoparticles were effectively deposited on the surface of Fe 3 O 4 @SiO 2 . Nevertheless, when WO 3 was added to the Fe 3 O 4 @SiO 2 @TiO 2 , interesting ringlike structures (Fig. 2a4 ) and micro-rods (Fig. 2b4) were also observed.
To verify the existence of W and Ti elements in the Fe 3 O 4 @SiO 2 @TiO 2 -WO 3 photocatalyst and the average molar ratio of WO 3 to TiO 2 , a qualitative analysis of elemental compositions was performed by EDS (Fig. 3) . The apparition of signals ascribed to Ti and W confirmed the formation of the external layer of the composite. The molar content of WO 3 , calculated from the weight content, was found to be 15.94 %, which was close to the theoretical value (15.00 %). Si and Fe elements were detected, indicating that not all the SiO 2 interlayer was etched off.
The magnetic properties of the synthesized nanoparticles were characterized through the determination of the magnetization curves shown in Fig. 4 . The magnetization saturation (M s ) of the samples was determined at 300 K for the evaluation of the magnetic response to an external field (H). . It has to be pointed out that the M s of the photocatalysts was still strong enough to allow their magnetic recovery after the photocatalytic process. Moreover, the coercivity and remanent magnetization value were close to zero, indicating that they showed superparamagnetic behavior (Fisli et al. 2013) . BET surface area and the nitrogen adsorption-desorption isotherms were determined for the photocatalysts. In all the cases, according to the IUPAC classification, the isotherms were type IV with H3 hysteresis, showing the mesoporous nature of the solids. The commercial TiO 2 P25 surface area was found to be 56.48 ± 0.33 m 2 g −1
, a value that is consistent with those reported in the literature (Lucas et al. 2013; Ye et al. 2010) . TiO 2 , TiO 2 -WO 3 , Fe 3 O 4 @SiO 2 @TiO 2 , and Fe 3 O 4 @SiO 2 @TiO 2 -WO 3 particles showed a similar increase in the surface area with respect to the commercial TiO 2 P25 solid, with 130.07 ± 0.20, 118.85 ± 0.27, 134.46 ± 0.56, and 115.80 ± 0.27 m 2 g −1 , respectively. Interestingly, the BET surface area decreased by adding different material coating layers or nanoparticles. It seems that the formed nanoparticles at the outer layer may deposit on and block the pores of the previously prepared cores. Figure 5 shows the photocatalytic treatment of BPA in Milli-Q grade water. As depicted, in the absence of photocatalyst there was no BPA oxidation, indicating that BPA is very stable under simulated solar light irradiation. After 1 h of treatment with the TiO 2 P25 photocatalyst, BPA was completely degraded. However, using the Fe 3 O 4 @SiO 2 @TiO 2 -WO 3 composite, only 17.50 ± 0.01 % BPA was removed after 2 h of treatment. This behavior may be due to the small amount of TiO 2 -WO 3 in the outer layer of the composite particles, which provides the photocatalytic capacity. Unfortunately, it was not possible to determine the amount of TiO 2 -WO 3 deposited on the magnetic cores. Eventually, less amount of active photocatalyst was used in the magnetic composites, resulting in much lower BPA degradation rate, compared to P25. For the TiO 2 -WO 3 photocatalyst, the performance was slightly better, reaching 27.92 ± 0.71 % of BPA oxidation after 2 h. Nevertheless, its activity remained below that shown by the commercial photocatalyst. In the case of the photocatalyst synthesized without WO 3 , the magnetic composite removed Intensity (a.u.)
Photocatalyst activity
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A (101) A (110) A (004) A (200) A (211) A (105) A (204) 40.86 ± 6.24 % of BPA at the end of the treatment while the as-prepared non-magnetic one attained a removal of 38.25 ± 5.86 %. Table 1 shows the pseudo-first order kinetic constants (k), standard deviations (σ) and regression coefficients (R 2 ) obtained from the fitting of the experimental data to a pseudofirst order kinetic model (Eq. 1). The data corresponding to the commercial TiO 2 P25 fitted properly to the proposed kinetic equation, with a k of 5.12 × 10 −2 min −1
, σ of 1.98 × 10
, and R 2 of 0.98. The lower values of the regression coefficients obtained for the composites are attributed to the low degradation rates under the studied experimental conditions.
[BPA] is the concentration of bisphenol A (mg L −1 ), t is the reaction time (min), and k is the pseudo-first order kinetic constant (min
−1
). Next, the photocatalytic treatment of BPA in the wastewater generated at the University of Cincinnati was carried out under the same experimental conditions as in the case of Milli-Q water (Fig. 6 ). The average alkalinity was 292.00 mg CaCO 3 L −1 and the average dissolved organic carbon content was 23.59 mg L −1 but BPA was not detected; therefore, 10.00 mg L −1 of BPA were spiked. Since this effluent is a much more complex matrix that contains numerous substances, the photocatalytic efficiency of the photocatalysts might be much smaller than that of Milli-Q water. The TiO 2 P25 removed 62.77 ± 1.57 % of BPA in 3 h, being the degradation rate lower than in the Milli-Q water, where complete removal was achieved after 1 h of treatment. This similar behavior also occurred when using the TiO 2 -WO 3 composite, with the observed photocatalytic activity being negligible. The lower activity achieved with both photocatalysts could be attributed to the existence of inorganic ions, such as carbonates, or dissolved organic matter that can provoke an inhibitory effect. They may compete with the target pollutants for the adsorption sites on the TiO 2 surface and/or act as • OH/h + scavengers, generating less powerful oxidants (Carbajo et al. 2014) . Pelaez et al. (2011) also reported the scavenging effects , R 2 = 0.99), being approximately 10 fold smaller than that estimated for the BPA degradation in Milli-Q water.
Bisphenol A degradation pathway
During the photocatalytic treatment of BPA in Milli-Q grade water, the formation of numerous intermediate compounds was noticed. The peak corresponding to BPA decreased progressively with time, other peaks representing intermediate products appeared and disappeared, and some signals corresponding to the final products showed up. In this work, a degradation pathway is proposed. The generated • OH attack the BPA molecule, which is transformed into compounds with different extent of hydroxylation; BPA is decomposed in intermediate compounds with one aromatic ring through the formation of phenyl and isopropylphenol radicals (Sin et al. 2012; Thiruvenkatachari et al. 2005) . When using TiO 2 P25 (Fig. 7) , 4-isopropylphenol (C 9 H 12 O), 4-hydroxyacetophenone (C 8 H 8 O 2 ), and 5-hydroxy-2-methylbenzoic acid (C 8 H 8 O 3 ) were formed during the first 5 min and remained at the end of the treatment, as previously reported elsewhere (Maroga Mboula et al. 2013; Sharma et al. 2016) . The formation of 4-isopropanol-1,2-benzenediol (C 9 H 12 O 3 ) was also observed in the first minutes of reaction and then disappeared, confirming the behavior observed by Da Silva et al. (2014) . Furthermore, 2,4,5-trihydroxyacetophenone (C 8 H 8 O 4 ), which could be formed from the hydroxylation of the 4-hydroxyacetophenone, was also identified within the first 5 min of treatment. However, as seen in Fig. 7 , when using any of the photocatalysts synthesized in this work, these compounds were not detected. For this case, 2-(4-hydroxyphenyl)-2-propanol (C 9 H 12 O 2 ) was the only aromatic byproduct identified and appeared after 30 min of reaction. Thiruvenkatachari et al. (2005) , Tsai et al. (2009), and Watanabe et al. (2003) also found 2-(4-hydroxyphenyl)-2-propanol during the photocatalytic oxidation of BPA but using TiO 2 P25. In a further stage of the reaction, the oxidation of the aromatic ring of the generated intermediate compounds leads to the formation of different organic acids such as maleylacetic (C 6 H 6 O 5 ) and formic (CH 2 O 2 ) (Ferro Orozco et al. 2016; Thiruvenkatachari et al. 2005; Watanabe et al. 2003) . It has to be remarked that acidic compounds with molecular weights of 114.00, 163.00, and 199.00 g mol −1 were also observed using both TiO 2 P25 and the synthesized photocatalysts; nevertheless, their assignment to a specific structure was not possible. Finally, these acids could be mineralized to carbon dioxide and water in an ultimate stage.
Conclusions
A magnetically separable nanocomposite, Fe 3 O 4 @SiO 2 @TiO 2 -WO 3 , was prepared and characterized. Its photocatalytic activity for the BPA degradation under simulated solar light was studied. Non-magnetic TiO 2 -WO 3 , Fe 3 O 4 @SiO 2 @TiO 2 , and pure TiO 2 were also synthesized for their evaluation. Their photocatalytic activity for BPA degradation was compared to P25 and was studied in both Milli-Q grade water and real wastewater. Due to the complexity of the wastewater chemical composition, the performance of the photocatalysts decreased when compared to Milli-Q grade water. The P25 exhibited a better photocatalytic behavior compared to the prepared composite photocatalysts but these were magnetically separable and facilitate their removal from the treated water. The analytical identification of reaction intermediates has been carried out. BPA led to intermediate compounds with one aromatic ring, however, when using any of the composites synthesized in this work, 2-(4-hydroxyphenyl)-2-propanol was the only intermediate compound identified and Carbon dioxide Water 2-(4-hydroxyphenyl)-2-propanol 5-hydroxy-2-methylbenzoic acid Monohydroxylated BPA Fig. 7 Proposed route for the degradation of BPA. Solid lines TiO 2 P25, dashed lines synthesized photocatalysts the compounds observed when using P25 were not detected. In a further stage of the reaction, the formation of different organic acids took place; with these results, the reaction pathway has been proposed.
Finally, it is worth noticing that although the efficient and low-cost magnetic separation of the catalyst is highly desirable for implementation of photocatalytic processes, further work is required to analyze and improve the photocatalytic activity of the synthesized nanocomposites.
